Noise failure, particularly due to random walk error (RWE) degradation behavior, is one of the critical failure modes for fiber-optic gyroscopes (FOGs) in space applications. In this paper, firstly, the analytical model of RWE is presented and the affected parameters are listed according to the gamma irradiation damage mechanism. In addition, the influence of temperature is also included. The deterioration of affected parameters is determined through a 60 Co radiation experiment on optic and optoelectronic components. Based on the parameters' deterioration range and assumed distribution properties, their importance to the noise failure is calculated through the Sobol method, a global sensitivity analysis method. In the computation steps, the Latin Hyper Sampling (LHS) based Monte-Carlo numerical simulation technique is adopted. It is determined from calculation results that the detected light power (DLP) is the noise failure characteristic which is the most sensitive parameter in the space environment. Finally, another 60 Co radiation experiment with the same conditions is performed on a superluminescent diode (SLD) FOG. The original noise degradation behavior is compared to the simulated RWE, calculated according to DLP, and the result shows that they follow trend almost identical. This supports the conclusion that DLP is the most sensitive noise failure characteristic for SLD-based FOGs.
Introduction
Fiber-optic gyroscopes (FOGs) are all solid-state devices capable of measuring rotations and rotation rates in inertial space. They are intended to eventually serve as replacements for spinning mass and ring laser gyroscopes in applications that place a premium on long lifetime, low weight, low power consumption and reduced costs. With their advantages and characteristics, FOGs have been widely used in many areas in harsh environments such as space applications. 1, 2) Random walk error (RWE), scale factor and bias drift are the three representative performance indices for FOGs, which degrade in the space environment. They can be regarded as three primary failure modes for FOGs, among which noise failure has high priority. 3, 4) Hence, a good knowledge of noise failure characteristics is important to correctly capture the RWE degradation behavior.
In this paper, firstly, an analytical model of RWE is presented and the parameters' damage mechanism is discussed. Then a gamma ray irradiation experiment is implemented to determine the deterioration range of those parameters and the Sobol method is proposed to locate detected light power (DLP) as the failure characteristic that is the most sensitive parameter. Finally, a superluminescent diode-based FOG is radiated in another gamma experiment with the same conditions, and the noise performance is monitored. A simulated RWE is calculated according to the irradiated DLP and is compared with the FOGs noise performance. The result shows that they have a similar degradation trend. Furthermore DLP can be used for failure prediction.
Noise Failure Mode

RWE model
The precision of FOGs is limited by random walk error (RWE), which destroys the short-term stability performance. Specifically, RWE is closely related to the signalto-noise ratio (SNR) in the form 5) :
where k FOG is a static coefficient related to the FOG. Considering shot noise (SN) and dark current noise (DN) from photoelectron detectors, excess noise (EXN) from light diodes and thermal noise (TN) from electronics, the total noise current (I 2 N ) in the photoelectron detectors can be expressed as 6) :
where k: Boltzman constant T: absolute temperature e: electron charge Ó 2012 The Japan Society for Aeronautical and Space Sciences BW: band width Áv: source spectral bandwidth in the frequency domain R L : load resistance, usually 50 k hii: mean electric current at the photoelectron detector hi D i: mean dark current in the photoelectron detector For closed-loop FOGs, current at the photodiode I 0 can be defined as 7) :
where Á0 s is the residual angle close to zero, and 0 M is the modulation phase. For square-wave modulation FOGs, signal current from low-frequency filtering is described as:
Therefore, SNR can be computed as below:
In the above formula, hii ¼ P in R, where P in is the DLP, and R is the responsivity of the photodiode. Áv ¼ cÁ! FWHM =! 2 0 , ! 0 is the wavelength centroid, and Á! FWHM is the half-power linewidth of the light source.
According to Eq. (2), we can see that RWE is proportional to the denominator in Eq. (5),
From Eq. (5), RWE is also influenced by T which is closely related to the environmental temperature. In the following sensitivity analysis, T is included.
Damage mechanisms
For SLD-based FOGs, parameters in Eq. (6) such as P in , R and i D are affected by the space irradiation environment and they are relevant to optic circuits and the photodiode. In this section, the damage mechanism from radiation is discussed.
Optic circuits involve a fiber coil, fiber couplers, polarizer, IOC and splices. For a given source P 0 out of the source pigtail, the DLP is given by,
where is the fiber loss in decibels per meter, and A c includes all other circuit losses, which both increase with the accumulation of the irradiation dose. The majority of the attenuation is attributed to the fiber coil.
Extensive research work and experiments have been conducted to investigate the radiation effect on fibers. [8] [9] [10] [11] [12] Radiation exposure can lead to the formation of color centers in optical fibers. Such color center formation gives rise to changes in optical transmission and loss and luminescent band structure. The reason is the rare earth impurities and that further dopants (e.g., Al, Ge and P) can affect the doped fiber performance in the irradiation. For FOGs in space applications, the radiation-induced attenuation is the key problem for fiber coils. 13) For rare-doped fibers, the growth of loss with dose can be approximated by the relation 10) A
Radiation damage occurs when incident particles transfer sufficient energy to a material to cause ionization. For p-i-n detectors, radiation particles can generate electron-hole pairs in the entire semiconductor, and charge at the defects causes an increase in dark current, raising the minimum power level of detectable optical signals and increasing the noise. [13] [14] [15] 3. Noise Failure Feature Analysis
Sensitivity analysis
Mathematical models are defined by equations, input factors, parameters and variables aimed to characterize the process being investigated. Sensitivity analysis (SA) is the method of how the variation in the output of a mathematical model can be apportioned, quantitatively, to different sources in the input of the model.
It is possible to classify the method for sensitivity analysis into three groups: the one-factor-at-a-time method, the methods based on regression and the variance-based Monte-Carlo methods.
16) The third group is based on the decomposition of the total variance in terms of increasing dimensionality, and it is able to quantify the effect of the interactions among parameters. The methods based on this principle are the Fourier amplitude sensitivity test (FAST) and Sobol's method. Sobol's method, in particular, is considered the most powerful and precise in identifying the sensitivity of the model output in response to changes in model parameters and can cope with both linear and nonlinear models. [17] [18] [19] Considering the function Y ¼ f ðXÞ ¼ f ðX 1 . . . X n Þ be defined on the n dimensional unit cube,
It is possible to decompose f ðXÞ into summands of increasing dimensions:
Provided that f 0 is a constant and the integral of every summand over any of its own variables is zero:
The consequences of the above two formulas are that all the functions that appear within the summands (11) are orthogonal. Based on the Fourier Haar series, Sobol presented that if f ðXÞ is integrable in the unit cube, then all the functions which appear within (11) are also integrable, as follows,
where dX Àfij...mg indicates integration over all variables with the exception of those within the subscript parentheses. The total variance of f ðXÞ can be written as,
The contribution to the total variance from terms f i 1 ...i s can be expressed as,
The sensitivity estimates S i 1 ...i s can be introduced:
The total variance can be partitioned in the same way as the original function:
The terms S i 1 ...i s give the fraction of the total variance of f ðXÞ, which is due to any individual input variable or combination of input variables.
The application of the sensitivity estimates S i 1 ...i s to a real function generally relies on the Monte-Carlo methods. 19) Generally, the sensitivity of the input variables is classified according to the SI s . Here, we define that an input variable is very sensitive when the sensitivity index ðSIÞ ! 0:8, sensitive when 0:5 SI < 0:8, insensitive when 0:3 SI < 0:5 and irrelevant when SI < 0:3.
The steps to calculate the sensitivity index are as follows, 1) Define the model and its input variables and output variable(s) 2) Assign input variables requiring evaluation, their deterioration ranges and distributions 3) Adopt the Monte-Carlo method to calculate the sensitivity index 4) Assess the sensitivity of each evaluated input parameter on the output variable(s).
Determination of parameters' variation range
In the sensitivity calculation steps, evaluated parameters such as DLP, R and i D have been determined. The sampled SLD, optic circuits and photodiode are irradiated in a 60 Co environment with radiation dose rate of 1.3 rad/s and total dose 20 krad to determine the parameters' deterioration range. 20) According to Eq. (5), temperature T also influences RWE. In the space environment, environmental temperature T fluctuates in the range between 243 and 353 K (À30-80 C). The distribution of these variables is assumed to be uniform here. Properties of these parameters are listed in Table 1 .
SI calculation using Monte-Carlo analysis
According to the steps stated in Section 3.1, the MonteCarlo analysis method is used to compute the sensitivity index (SI). In such a process, the sampling technique should firstly be addressed. Latin hypercube sampling (LHS) procedure provides an efficient way of sampling from parameters' distributions.
21)
The calculation procedure is shown in Fig. 1 . Constants in Eq. (5) are listed in Table 2 .
Experimental Verification
Experimental setup
A 60 Co rod was used as the radiation source. The radiation dose rate was 1.3 rad/s and the total dose was accumulated up to 20 krad. The FOG under investigation is shown in Fig. 2 . The FOG's electric circuits composed of a light source driver and signal processing circuit were out of the radiation environment. The modulation signal was provided simultaneously. The wires passing through the FOG's electrical signals were also insulated by shielding. The FOG's output from the demodulation section was sent to the data logger. The details of the experiment setup are shown below.
The parameters describing the characteristics of the radiation experiment setup are shown in Table 3 . 
Experimental results and analysis
The irradiated FOG's demodulation output is shown in Fig. 3 .
From Fig. 3 we can see that noise from the radiation FOG grows with the accumulation of radiation dose. The Allan variance method was adopted to calculate RWE, 22) and due to its instability the total data was sampled through a window length of 100 in which data was thought to be stable. The calculation result is shown below.
In Fig. 4 , the dots line represents the original RWE of the irradiated FOG, and the solid line is the fit of this RWE. The DLP described in Section 3 was monitored and is shown in Fig. 5 . A simulated RWE was computed with the DLP according to Eq. (5) while other parameters in Eq. (5) were constant.
The comparison is made between the RWE fit and the simulated RWE, and the result is shown below.
From Fig. 6 , it can be clearly seen that the fit of RWE and the simulated RWE follow basically the same trend, and the conclusion can be made that RWE in the space environment is most sensitive to DLP. The gap between them mainly represents the difference between the FOG and the simulated initial values. In addition, the gap is also due to the influence of temperature and the dark current.
Conclusion
Considering space radiation and temperature effect, the sensitivity of parameters related to RWE was analyzed using a global sensitivity method. Analysis results showed that DLP is the most sensitive factor for SLD-based FOGs while other parameters are basically irrelevant. The radiation experiment results showed that degradation of the simulated RWE based on DLP and original RWE for the SLD-based FOG in the same irradiation environment are basically identical and hence DLP can even be used to predict noise failure. The distribution of these parameters needs to be further investigated. 
